Catastrophic flood events worldwide have become increasingly more frequent and their dynamics mechanism has attracted much interest as how to predict them by numerical method. As the most common phenomenon occurs in the flowing process, entrainment and deposition can significantly influence flow mobility by increasing in mass and changing in flow character. In this paper, a twodimension coupling model is presented to simulate water flow, sediment transport and bed evolution based on the shallow water assumption, depth-averaged integration as well as morphological evolution. A new term accounting for the sediment effect on the momentum conservation of watersediment mixture is added to the model equations by assuming that the flow and the fixed bed is connected by an infinitesimally thin boundary layer, in which the erodible material gains the necessary velocity to enter the flow above. Comparison of numerical results and experimental data indicate the presented model can adequately describe the complex dynamic process, sediment transport and bed evolution. The velocity profile of flow can influence the momentum transfer between the water column and the erodible bottom boundary due to sediment exchange, further influencing flow mobility. Moreover, the velocity profile of flow changes with variations of sediment concentration, bed surface and friction resistance.
INTRODUCTION
Water flow induces sediment transport and changes in the surface morphology, which in turn, modifies the flow. The dynamical mechanism of this process is an issue that has been studied for a long time (Fagherazzi & Simpson & Castelltort () . This model further considered the influences of rainfall and turbulence, and could calculate the changing surface morphology through time and space. Iverson () considered mass and momentum exchange between three continuous layers: the upper layer is a flow with a free surface, the middle layer is an erodible bed-sediment layer, and the lower layer represents a substrate that cannot be entrained. Hillebrand et al. () provided a test where detailed field measurements of velocities and bed elevation changes over a three-month period from a prototype reservoir are compared with simulation results. It shows that the bed elevation changes were sensitive to the fall velocities of the finest cohesive sediment particles and sediment cohesion.
In the past decades, it has been generally accepted that reliable numerical methods for predicting the water surface, sediment transport and bed evolution can promote the study of dynamical mechanism of water flow effectively. Initially, several numerical methods were developed to solve the shallow water equations related with mass movement over a On this basis, a new term decided by entrainment and deposition is introduced to the momentum equation of the model. In order to solve the model equations more accurately, a coupled numerical method based on the finite volume methods has been applied. This paper is organized as follows. The governing equations for coupled model of water flow, sediment transport and bed evolution are presented in the section below.
The computational scheme is presented in the next section. This is followed by a section detailing the numerical results and examples, and a final section summarizes the concluding remarks.
METHODS

Model equations
The study of complex processes of flow over a mobile bed is mainly focused on three aspects, which are the motion of flow, the distribution of eroded sediment in flow and the evolution of the bed surface (Xia et al. ; Benkhaldoun et al. ) . In order to model these processes more accurately, the shallow water equations for the mass and momentum conservations of water-sediment mixture, the mass conservation of the sediment and bed material are used in the current model. Similar coupled equations have been presented and improved by many researchers (Fagherazzi & 
where u ag is the depth-averaged velocity of moving flow; σ is a scale factor, σ ¼ v/u ag , and its value ranges from 0 to 1 which depends on the velocity profile of the moving flow. 
Some common velocity profiles investigated by Johnson
velocity components in the x and y directions, respectively;
ity; z ¼ bed elevation; the friction slope terms S fx and S fy are written as S fx ¼ n 2 u(u 2 þ v 2 ) 1/2 /h 4/3 and S fy ¼ n 2 v(u 2 þ v 2 ) 1/2 /h 4/3 in the x and y directions, respectively; (2) represents mass conservation for the water-sediment mixture with the term of mass exchange between the flow and the erodible bed on the right-hand side. Equations (3) and (4) capacity which can be given as:
where φ ¼ calibrated constant; θ ¼ Shields parameter, ω o ¼ setting velocity of a single particle in tranquil water, which is expressed as (Li & Duffy ) :
where υ ¼ water kinematic viscosity.
Numerical scheme
In this study, a numerical scheme based on the finite volume method is adopted to solve the model equations, which is well suited for transient problems involving erosion and deposition of sediments, and is briefly outlined below. In order to provide a reasonably compact presentation of this numerical scheme, it is useful to cast model equations in vectorial form as follows:
In Equation (11) U is a vector of the conserved variables; F and G are the convective flux vectors of the flow in the x and y directions, respectively; S and T is the source term vectors of the flow in the x and y directions, respectively. In this paper, the hyperbolic system of conservation laws given by Equation (10) is discretized using finite volumes on regular rectangular grids (shown in Figure 2 ). With this grid system, two separate one-dimension problems in x and y directions can be obtained by dividing Equation (10) based on the operator-splitting technique (Liang et al.
) and expressed as follows:
Here, the solution at next time is obtained by the following step:
where L x and L y represent the computational procedures based on predictor-corrector method and are used for solving Equations (11) and (12) Equation (12) is:
where superscript n is the time level; superscript i is the cell index; Δx is the distance between the centroids of the cell;
Δt is the time step; F e and F w are the fluxes through the west and east cell interfaces. Here, the internal flux, for example F e evaluated by Roe scheme at the interface, is given as:
where F l and F r are the interface fluxes on both sides of the east cell interface, and calculated by the left and right Riemann states U l and U r ; Λ is the diagonal matrix; R ¼ (e 1 , e 2 , …, e k ) and e k is the kh right eigenvectors of J, where J ¼ ∂F e /∂U is the Jacobian matrix of the flux F e . Furthermore, coupling the MUSCL approach with the Roe scheme allows us to reconstruct the interface functions U l and U r for obtaining accuracy and avoiding spurious oscillations. The U l and U r functions can be expressed as:
where
The function M is a min-mod flux limiter and can be written as:
In order to achieve second order accuracy in time, the
McCormack scheme is also adopted as:
where the superscripts pr and cr indicate the predictor and corrector steps, respectively. The stability criterion can be expressed as:
where cfl ¼ Courant number and less than 1.
STUDY AREA AND DATA
In this study, we focus on the dynamic process of the water flow by considering the effects of sediment transport and bed evolution. For this purpose, we ran the hydrodynamic model and numerical scheme with some cases of dam break which have different experimental conditions. 
RESULTS AND DISCUSSION
The Table 1 . Figure 5 shows the water depth variations along the channel for a dam-break flow over an erodible bed at time t ¼ 4, 6 and 8 s, using different values of σ. At σ ¼ 0, the numerical result is the same as the results calculated by Cao et al.
(). It can be expected that the erosion depth, volume fraction of particle in the model increases with the σ increase, especially in the original dam site, which indicates that the type of velocity profile can influence the A free-slip boundary condition was applied on all side walls, with a free outflow boundary condition being used at the downstream outlet.
We also used different values of σ ¼ 0, 0.5, 1 to perform this experiment, and a Manning n of 0.025 m À1/3 was set. Six gauges and two cross sections located downstream of the gate were set for recording the time history of water depth and bed surface to reflect the complicated process of water wave propagation and sediment transport. Figure 10 shows the model predicted and influenced by the bed surface, and further affects the transfer of erodible material.
CONCLUSION
In this paper, we assumed that a thin layer connects the flow and the fixed bed, and the eroded material can instantly mix with the flow and transfer to the downstream as the boundary is fast evolving. Based on this assumption, 
